A new type of Mach-Zehnder interferometer (MZI) is proposed to measure twist and temperature. The sensor contains a pretwisted taper and a ball. The pretwisted taper is made by pretwisted, and then, thermally tapering along a single-mode fiber, to induce permanent spiral distortion in the fiber. The experimental results indicate that the sensor has higher twist sensitivity. Twisting the sensor for counterclockwise and clockwise direction, the twist sensitivities of Dip 1584 nm are -0.378 and 0.083 nm/(rad/m), respectively, and the twist sensitivities of Dip 1685 nm are -0.117 and 0.089 nm/(rad/m), respectively. Meanwhile, the twist direction can be determined by the value of the twist sensitivities. The temperature sensitivities of Dip 1584 and Dip 1685 nm are 63 pm/°C and 74 pm/°C, respectively. The feasibility of measuring the torsion and temperature characteristics has been experimentally confirmed. Thus, the proposed MZI sensor can be used to measure twist and temperature and discriminate twist direction.
High Sensitive Directional Twist Sensor Based on a Mach-Zehnder Interferometer

Introduction
In recent years, due to the application of external torque, the research on twist, twist angle and twist sensors has been developed rapidly, such as bridge safety monitoring, biochemical sensing and power system monitoring [1] , [2] . Many twist sensors play an important position in these fields, but there are many shortcomings in their applications. For example, the mechanical twist sensor requires higher cost and machining requirements, and the electromagnetic twist sensor is large in volume and vulnerable to electromagnetic interference. Therefore, using the optical fiber sensor provides another option for twist measurement, because of its small volume and light wave frequency selection. Many different fiber gratings are used as twist sensors, such as CO 2 laser internal long period fiber gratings (LPFGs) [3] - [6] and fiber Bragg gratings (FBGs) [7] - [9] . In addition, Mach-Zehnder interferometer (MZI) is also used as fiber twist sensor, such as the tapered fiber Mach-Zehnder interferometers (TFMZIs) [10] , the pre-twisted in-fiber MZI (PT-MZI) [11] , the abrupt-tapered Mach-Zehnder interferometers (AT-MZI) [12] , and the in-line optical fiber MZI [13] . However, some sensors are unable to distinguish the twist directions, or have a lower sensitivity, or require the more special materials. In a single-mode fiber, a twisted structure responds better to its twist characteristic. For a linear state of polarization (SOP), the twist of the fiber is linear with the polarization state because the birefringence occurs on the fibers. Based on R. Ulrich et al. first theoretically proposed that the polarization of light in a twisted single-mode fiber (SMF) is influenced by the strain-induced optical activity of the rotating processes [14] . In this paper, a twist MZI sensor is presented to improves the twist sensitivity and discriminate the direction of twist. The sensor is made by connecting a simple ball and a pre-twisted taper together. Meanwhile, the principle of torsion characteristic is also described in detail. The experimental results show that the twist sensitivities will change in different twist direction. Through the analysis of experimental results, the MZI sensor can accomplish twist measurement with much higher sensitivity and the discrimination of twist direction. Furthermore, the temperature measurement is also presented in the article.
Fabrication Set-Up and Characteristics of Spectra
As shown in Fig. 1 , the sensor was made by cascading a pre-twisted taper and a small ball. The taper waist diameter is 48.8 μm and the twist length is 1323.2 μm and the ball diameter is 166.7 μm. The distance between them is about 30 mm.
The schematic diagram of manufacturing device for the pre-twisted taper is shown in Fig. 2 . It can be seen from this figure, the experimental processes were described as follows: At first, a single-mode fiber was fixed between two motors, a rotating disc was placed on one motor to provide twist into the fiber. And the fiber was rotated for 20 revolutions by turning the rotating disc. Simultaneously, the filament heater was used to soften the fiber and make sure the fiber can be generated the permanent spiral distortion, when the filament heater power is about 53 w, the center temperature reaches the working temperature of 1200°C, This type of the filament heater has a width of 1 mm. Then, through handling two motors, which are controlled by a personal computer (PC) to make the fiber tapered because of the difference in speed of them. The fiber was stretched as taper during torsion recovery, with the filament heater working continuously at the same time. Lastly, the pre-twisted taper and the small ball together form the MZI sensor. The distance between two motors is approximately D = 262 mm.
As shown in Fig. 3 , the interference phenomenon only occurs in cascade MZI compared to a single pre-twist taper and a single ball. In this study, the Dip 1584 nm and Dip 1685 nm (Dip A and Dip B) with higher fringe visibility are chosen as the research peak. And it is found that the Dip 1584 nm and Dip 1685 nm of the cascade MZI is blue-shifted or red-shifted with changes in twist rate and temperature. Meanwhile, a fast Fourier transformed (FFT) is achieved on the transmission spectrum of the cascade MZI with the FFT-spatial frequency spectra to provide a deep sight into the mode components involved in the interference process in Fig. 4 . It can be seen that the interference figure contains more than three modes (the dominant mode and the weakly mode), and the sensor can generate the interference between the fiber core mode and the cladding mode of the structure [1] . The spectra are inhomogeneous because more than two modes are involved in the interference process, some else cladding modes are generated, which changes the envelope of the interference spectrum [15] .
Experimental Principle
As shown in Fig. 2 , when the input light propagates into the ball (rad arrow), some of the cladding modes with different effective refractive indices may be excited (black arrow) [16] , and the remaining light still propagates in the core as the fundamental core mode (yellow arrow). Then, with light is input into a pre-twisted taper, its core follows a helicoidal path inside the cladding, and its polarization rotates during the propagation processes. The cladding modes are recoupled back into the pretwist taper, this structure reaches the condition that constitutes the MZI. The twist is induced by shear strain in a SMF because of the photo-elastic effect [15] , [17] . The torsion plays an important role in this structure. For example, when an ordinary single-mode fiber is rotated, it can occur permanent spiral distortion. And even a slight rotation is enough to shift the wavelength [18] . In addition, a pre-twisted MZI based on an ordinary single-mode fiber can research the torsion characteristics and discriminate the direction of twist [11] . Thus, it was proved that the torsion can not only improve the twist sensitivity but also distinguish the direction. Meanwhile, the role of the taper is also indispensable. In TFMZIs, the spectral sensitivity of the proposed tapered-based twist sensor would depend on the structure of the fiber taper and the thin waist might have a higher sensitivity [10] . Therefore, the taper exists in the proposed structure. Furthermore, due to the symmetry of the ball, the ball satisfies the condition of MZI in the structure and does not affect the torsional characteristics. It can better study the torsional characteristics of the pre-twisted taper on the sensor.
The light polarization can also rotate in a helicoidal fiber due to the fiber's geometric rotation [19] . Moreover, in the paraxial region, the speed of rotation of cladding modes is not different from the core mode in a twisted fiber [20] . However, when portion of the light in the cladding is coupled into the fiber core after by fiber cross section between a pre-twisted taper and a ball, where portion of the light is attenuated because of cladding mode propagation. The propagation constant of the fiber core is not same as the cladding mode, so the modes propagate at different speeds. In addition, the modes produce a phase difference when passing through the fiber structure. The intensity transfer function can be derived as a two-mode interferometer [21] .
where I co and I cl are the intensities of light guided in the fiber core and cladding modes, respectively, and ϕ = (2π n eff L 0 )/λ is the phase difference between the different modes, where λ is the used wavelength, L 0 is the interference distance which is about equal to L , and n eff = n co eff − n cl eff is the difference between the effective refractive indices of the core n co eff and cladding n cl eff modes. When the phase difference ϕ = (2m + 1)π, m = 0, 1, 2, ..., the transmission dips appear in
where λ m is the central wavelength of the mth order interference dip. The interference fringe spacing between adjacent interference gaps about is F SR ≈ λ 2 m /( n eff L ). In this paper, the MZI sensor can response to external variables through investigating changes in wavelength.
When the sensor suffer from shear strain, from Eq. (2) and the effect of the variable L can be ignored, the wavelength change can be expressed as
where δ n eff is the variable of n eff , which is induced by the birefringence due to the photo-elastic effect. δ n eff = (g co n co eff − g cl n cl eff )τ is linearly proportional to the twist rate τ, g co and g cl the photoelastic constants for fiber core and cladding material, respectively. Thus, λ m in response to twist τ can be derived as [11] 
where the term of λ m (g co n co eff − g cl n cl eff )/ n eff is a wavelength-independent constant, therefore, the wavelength shift λ m is linearly proportional to the twist rate τ.
Obviously, when the twist MZI sensor having birefringence was twisted, the twist-induced shearing stress resulted in birefringence by means of the photo-elastic effect, which made δ n eff increase or decrease [14] . According to Equation 4 , the change of δ n eff resulted in the Dip 1584 nm and Dip 1685 nm shifting ( λ m ) when the twist MZI sensor was twisted. The magnitude of the λ m change determines the absolute value of the twist sensitivity. In addition to, the twist-induced birefringence is proportional to the twist rate, and the direction of the birefringence vector is determined by the twist direction [14] . That is, right-rotatory birefringence is induced as the twist MZI sensor is twisted clockwise, whereas left-rotatory birefringence is induced as it is twisted counterclockwise. Furthermore, right-or left-rotatory birefringence results in δ n eff changing oppositely, i.e., increasing or decreasing. Therefore, the Dip 1584 nm and Dip 1685 nm shifted linearly towards longer wavelength (red shift) as the twist MZI sensor was twisted clockwise, and the opposite process occurred (blue shift) as the twist MZI sensor was twisted counterclockwise. Thus, this twist MZI sensor can measure the twist and discriminate the twist direction simultaneously.
Experimental Results and Discussions
As shown in Fig. 5 , the experimental measuring set-up is used to demonstrate that the MZI sensor can measure torsion and temperature characteristics. The MZI sensor is hold between a fixed disk and a rotating disk which can turn the sensor counterclockwise and clockwise direction. The distance between two stages is L = 170 mm. At the same time, a heating device is added under the MZI sensor. One end of the MZI sensor is connected to the Super-continuum Light Source (SLS), and the other end is connected to Optical Spectrum Analyzer (OSA) to record spectra simultaneously. The resolution of the OSA is set to 0.2 nm and the wavelength range used in experiments is 1450 nm∼1700 nm. Therefore, the twist measurement can be finished by turning the rotating disk. Meanwhile, by heating the heating apparatus for different ambient temperature, the temperature measurement of the sensor can be achieved.
Figs. 6(a) and (b) are shown the Dip 1584 nm and Dip 1685 nm shift versus twist rate. In the measurement of torsion characteristics, the twist angle is measured every π/9 within the twist range of −π∼π (counterclockwise (−) and clockwise (+) direction). It can be seen from Fig. 6(a) and (b), the wavelength shift is sensitive to the direction of twist, as indicated by the wavelength shifts exhibiting an opposite response to the application of counterclockwise and clockwise torsions, corresponding to a blue shift and red shift, respectively. The wavelength shift is approximately linearly proportional to the twist rate in both counterclockwise and clockwise directions. After the data is linearly fitted, we conclude that the twist sensitivities of Dip 1584 nm are −0.378 nm/(rad/m) and 0.083 nm/(rad/m), respectively. And Dip 1685 nm are −0.117 nm/(rad/m) and 0.089 nm/(rad/m), respectively. The temperature characteristics of Dip 1584 nm and Dip 1685 nm were also studied to determine if the proposed sensor had a favorable effect on the temperature. The temperature was changed once every 20°C (30∼150°C), and the OSA was used to record temperature characteristics data at a time. It can be seen from Figs. 7(a) and (b), as the temperature continues to increase, the wavelengths at Dip 1584 nm and Dip 1685 nm have a red shift. And the temperature sensitivities of 1584 nm and 1685 nm are 63 pm/°C and 74 pm/°C, respectively.
Conclusion
A novel MZI sensor, based on a pre-twisted taper and a ball, is proposed and experimentally demonstrated to obtain the high twist sensitivity and to discriminate the twist direction. The results of the study indicate that the twist sensitivities of Dip 1584 nm are −0.378 nm/(rad/m) and 0.083 nm/(rad/m) in counterclockwise and clockwise direction, respectively, and the twist sensitivities of Dip 1685 nm are −0.117 nm/(rad/m) and 0.089 nm/(rad/m) in counterclockwise and clockwise direction, respectively. Meanwhile, the twist direction can be discriminated depending on the value of the twist sensitivity. Furthermore, the temperature sensitivities of Dip 1584 nm and 1685 nm are 63 pm/°C and 74 pm/°C, respectively. The sensor has been experimentally shown the feasibility in the field of torsion and temperature characteristics measurement.
